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Abstract
Within the framework of the joint research project, "Production of hydrogen from renewable energy sources" an 
approach for the temporal storage of excess wind energy and the grid integration of renewable energies is being 
researched at the BTU Cottbus in cooperation with ENERTRAG AG. The Hydrogen Research Center Cottbus and 
two pressurized alkaline electrolyzer-prototypes will be built for this purpose to investigate the influence of different 
temperatures and pressures, and to identify the potential for process optimization with the help of modeling 
approaches and a series of experimental tests. For this purpose, different load profiles of real wind turbines will be 
fed directly into the prototypes through an adapted control module.
© 2012 The Authors. Published by Elsevier Ltd. 
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1. Introduction
The german climate and energy policy plays a leading role in the international context. The basis for 
this development was set forth in the year 2000 by the REA. The REA gives priority to renewable energy 
sources in the electric grid. The goal of Germany’s energy policy is for renewable energy sources to 
provide 80 % of the country’s supplied electricity by the year 2050. The consequences of this policy lead 
to steadily increasing temporal differences between electricity production and consumption. Despite 
regulating medium load power plants and partial reduction in full-load power plants, there is still the 
necessity of cutting wind turbines from the grid in order to prevent grid instability. In addition, reducing 
output from the full-load power plants leads to efficiency losses and therefore wasted resources.
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A stable integration of renewable energy sources into the grid requires a high availability of the energy 
production coupled with a long-term storage technology. A possible solution is the wind-hydrogen hybrid 
power plant. This kind of plant employs an electrolyzer which uses electricity from wind turbines to 
separate hydrogen from water. The hydrogen is then stored, ready to be used at times of peak load when 
its chemical energy can be converted to electricity.
The BTU Cottbus is pursuing this avenue by developing and optimizing a pressurized 
electrolyzer-prototype for integration into the concept of the hybrid power plant. This occurs via modeling 
and experimental procedures as well as the evaluation of necessary operating boundaries.
Nomenclature
Acronyms Subscript
BTU Brandenburg University of Technology c Constant parameter
KOH Potassium hydroxide op Operating
MEA Membrane electrode assembly p Pump
PSA Pressure swing adsorption stack Cell stack
REA Renewable Energy Act start Start condition
sys System
Symbols total Total cell
c Concentration, wt% v Variable parameter
i Current density, kA/m²
I Current, A
n Revolutions per minute, min-1
p Operating pressure, bar
t Time, min
U Cell voltage, V
Greek
Ȇ System durability, a
ĭ Voltage efficiency, %
Ȍ Spec. energy use, kWh/Nm³
ȟ Production capacity, Nm³ H2/h
ș Part load capacity, %
Ĳ Operating life, h
ࢡ Temperature, °C
ࢼ Conductivity, µS/cm
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2. State of the art an trends in development work
Current electrolyzers are designed for stationary operation. This renders their use in the hybrid power 
plant described above impossible because of the highly variable load produced by typical renewable 
energy sources [1]. Important are the dynamics of the system during underload and overload conditions. A 
capable electrolyzer must be able to respond to load change gradients on the order of minutes.
Electrolyzers operated at either atmospheric pressure or at pressures up to 30 bar represent the current 
state of the art with regards to the product gas pressure. This requires that the gas then undergoes 
additional compression in preparation for storage. In order to avoid this compression stage and enable 
direct storage of the hydrogen, the new electrolyzer-prototype was designed to operate at 60 bar. By way 
of isothermal volume change, there is the potential to save energy in comparison with conventional 
systems [2].
Table 1 shows the current development trends in relation to other parameters of alkaline electrolyzers. 
The project “Production of hydrogen from renewable energy sources” is ordered based on the short-term 
goals.
Table 1. Development perspectives of selected parameters in alkaline electrolysis technology
Specification Symbol Unit State of the art Short-Term-
Development
Middle-Term-
Development
Temperature ࢡ °C 70 - 80 80 - 90 > 90
Pressure p bar 30 > 60 > 100
Current density i kA/m² 3 - 4 6 - 8 > 10
Cell voltage U V 1,9 - 2,3 1,8 - 2,1 1,7 - 2,0
Voltage efficiency ĭ % 64 - 78 70 - 82 74 - 87
Spec. energy use, sys Ȍsys kWh/Nm³ 4,6 - 6,8 4,5 - 6,4 4,4 - 5,9
Part load capacity ș % 25 < 15 < 10
Operating life Ĳ h < 90.000 > 100.000 > 120.000
System durability Ȇ a < 25 30 >  30
Parameters such as operating life and part load capacity are central to current research. These are 
independent of fundamental process parameters such as cell temperature and current density, which 
themselves depend on and must be optimized for anticipated cell loading .
3. High pressure alkaline electrolyzer-prototype
3.1. Stack and seperators
An electrolyzer cell connects two electrodes with a direct current source. The volume between the 
electrodes is occupied by a fluid and is separated into two reaction zones via a semipermeable membrane. 
In the case of the alkaline electrolyzer, the fluid is made up of a diluted KOH solution with a mass 
fraction of 25 - 35 % for increased electric conductivity. Hydrogen is formed on the cathode side under 
the application of a direct current. The resulting hydroxide ions pass through the gas-tight separating
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membrane and recombine with oxygen on the anode side to form water. The single reactions on the 
cathode (1) and on the anode (2) can be expressed as [3]:
Cathode: 2Hା + 2݁ି ՜ Hଶ (1)
Anode: 2OHି ՜ ଵ
ଶ
Oଶ + HଶO + 2݁ି (2)
Overall chemical reaction: HଶO ՜ Hଶ + ଵଶOଶ (3)
KOH is not consumed in the process. Only water needs to be continuously fed back into the circuit to 
replace the water used up in the production of hydrogen and oxygen. The electrolyzer module takes the 
form of a pressure capsule (figure 1, figure 2).
Fig. 1. Electrolyzer-prototype (control panel and separators) Fig. 2. Electrolyzer-prototype (pressure capsule)
This capsule is filled with demineralized water, which surrounds the internal stack. As a result, the 
stack pressure is virtually equal to the pressure of the surrounding water. This fact, along with piping
system, results in the classification of the electrolyzer module as technically air-tight system according to 
BGR104 [4].
The stack itself is composed of 24 single cells connected in series using bipolar cell construction. 
Separating the individual cells from each other are metal plates, which act as conductors between the 
cells. Each plate serves as the anode for one cell and as the cathode for the neighboring cell. The power 
consumption of the stack is about 140 kW under a maximum current density of 6 kA/m². The cells are 
compressed under end plates and tie rods using a filter-press design, thus sealing the stack off from the 
surrounding demineralized water. In contrast with the electrical connection, supplying the stack with 
electrolyte and removing the product gases occurs in parallel. Prior to the introduction of the electrolyte 
into a cell, the fluid is separated into an anolyte and a catholyte. The gas formed within the cell is swept 
away along with the electrolyte, where the flow is separated into anolyte and catholyte and sent to the 
separators.
The separators are located above the pressure capsule. Taking advantage of density differences, the 
gases are separated from the electrolytes in the upper part of the separators. Due to increased lateral 
diffusion of the product gases as a result of increased pressure, minimal amounts of oxygen can still be 
found in the hydrogen and vice versa. Even without further treatment, a hydrogen gas quality of 3.0 
(99.9 %) can be reached. After the separation process, the remaining electrolyte flows are recombined and 
cooled to the operation temperature of 75 °C. The natural circulation of electrolytes in atmospheric 
electrolyzers is insufficient for use in pressurized electrolyzers. This makes circulation pumps necessary. 
This forced circulation has the additional benefit of mitigating localized hot spots that occur as a result of 
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increased current density and which can be damaging to the electrode coating. In order to track 
degradation, a voltage sensor was integrated into every one of the 24 cells. Over the course of time, the 
collected data presents a picture of the relationship between loading and corrosion/degradation. Through-
flow behavior and deviations in the electrolyte distribution can also be obtained from this data.
3.2. Peripheral Equipment
In addition to the stack and separators, the complex electrolysis system contains the following 
peripheral equipment:
x Gas purification and drying system
x Feed water supply
x Cooling system
x Nitrogen supply
x Hydrogen storage tank
x Power transformer
The gas purification and drying system are tailored to the demands of the prototype. It is capable of 
conditioning a maximum of 30 Nm³ hydrogen per hour at a pressure of 25 - 58 bar.
After separation, the small amounts of remaining KOH are removed from the hydrogen using an 
aluminum oxide filter. The purified gas is then warmed and conditioned for the following process step, 
where the remaining oxygen is converted into water in an exothermic catalytic process. This water is then 
removed from the process using a condensate trap. Complete dehydration of the gas, resulting in a gas 
quality of 5.0 (99.999 %), is accomplished via PSA.
A three-step purification of the feed water is necessary in order to prevent secondary reactions and 
resultant contamination [5]. The first step is to pass municipal tap water through a filter to remove solid 
particles. In the second step, the filtered water undergoes reverse osmosis. Under pressure and with the 
help of a semipermeable membrane, the water is separated into two solutions: one of higher concentration
(concentrate) and one of lower concentration (permeate). Finally the permeate is treated in an ion 
exchanger. This binds the anions and cations remaining in the permeate via two different exchanger 
resins. By a yield of 50 %, a conductivity of less than ࢼ < 1 µS/cm can be achieved.
The cooling system has a maximum cooling capacity of 88 kW and comprises three main branches. 
The cooling of the electrolytes is carried out by the electrolyte cooler. A second circuit cools both the 
product gases (oxygen and hydrogen) after the separators and then the hydrogen again following the 
oxygen catalyzer (part of gas purification and drying). The third cooling circuit maintains an acceptable 
operating temperature for the transformer and rectifier. The main cooling occurs in the electrolyzer. Since 
the electrolyte is warmed by voltage losses during electrolysis, the operating temperature is maintained by 
cooling the electrolytes in a heat exchanger. The temperature is maintained automatically through 
temperature sensors and regulation of the cooling water.
Following maintenance and upkeep shutdowns, safety-related emergency shutdowns, and extended 
downtimes, it is necessary to clean those parts of the system that are exposed to gas during operation by 
flushing them with an inert gas (nitrogen). This way, foreign gases that may have made their way into the 
system are removed and flammable gas mixtures are thinned and removed as well. The nitrogen is 
supplied by two standard 200 bar gas containers which are kept in a safety locker.
The erecting of the test system also includes the integration of a pressurized storage tank. The 
maximum storage is approximately 2000 Nm³ under a pressure of 45 bar.
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3.3. Experimental design
Prior to any systematic data collection, a standardized series of measurements are recorded to create a 
baseline for future comparisons to track any degradation. To this end, after setting the constant operating 
parameters (ࢡ = 75 °C, pstart = 20 bar, system transient), the current is incrementally increased up to the 
rated loading of 2000 A. These standard curves are carried out at both 20 bar and 40 bar respectively.
No large reductions in performance (e.g. purity, single-cell voltage) are expected in the first test series. 
If the measurements are further continuously carried out, it will possible to observe the creeping 
performance degradation over the course of the project. Such degradations express themselves in an 
increased cell voltage, conditioned by increasing activation losses at the cathode of the electrolysis cell. 
The increased cell voltage leads to rising power usage at a constant hydrogen production and therefore to 
a decreased efficiency [5]. One further important parameter is a possible increase in gas impurities. This 
would be observed through an increased loss of hydrogen through the membrane into the oxygen stream. 
Since this process is dangerous from a safety perspective, it makes sense to watch the aging of the 
membrane. It is assumed that in case of a possible evidence of aging, the impurities are to be found under 
operation with low circulation as well as by high operating pressures.
In order to evaluate the operating parameters within the design range, the test operation will at first 
focus on collecting data on parameters such as pressure, temperature, cell voltage and gas purity. 
Furthermore, for the purpose of compiling heat balances, temperatures from the cooling systems will be 
recorded. These data will be used to generate characteristic curves and to check the parallel developed 
models. The test series will begin with a design temperature of 75 °C and a pressure of 25 bar. Below this 
pressure, the hydrogen cannot be processed through the gas purification and drying system. In addition, 
within the test series, loading up to 150 % (corresponding to 3000 A) will be carried out. It is expected 
that in the overload range (>2000 A) with reduced outlet pressure the volume of produced gas will reach 
the design limits. Reaching the overload range of up to 3000 A is seen as uncritical, only the length of the 
possible state is in test operation in cooperation with further operating parameters such as pressure and 
temperature is to be determined.
In order to determine the critical operating parameters at the design limits, operation will be 
incrementally progressed towards the lower limits of operation (5 % of design load). This process will be 
carried out in the pressure range of 20 - 60 bar and the temperature range of 50 - 70 °C. Every test point 
will be held for 15 minutes after reaching steady state. An important pressure- and load-dependent safety 
criterium is the limit at which a critical concentration of hydrogen in oxygen is reached and which leads 
to an automatic shut-down of the system [6]. With increasing gas impurities, they are determined by the 
high diffusion coefficients of the hydrogen first in the oxygen stream detected and thereby earlier the 
safety extinguisher limit arrived at. So far it is known, that gas diffusion through the membrane is clearly 
detectable with increasing product gas pressures [7] as well as with very low loading, around 15 % of 
optimal load. This is caused in the first case by an insufficient circulation of the electrolyte under partial 
loading. In the second case, a high system pressure causes an increased solubility of the gases into the 
electrolytes, by which the separation efficiency in the separator sinks and gas impurities are carried back 
into the cells and steadily collect there. Further, at high pressures, the diffusion coefficient across the 
membrane increases. Each of these problems can be counteracted with process-related measures. Thus, 
for high pressures, an appropriately high electrolyte circulation rate needs to be found and brought in line
with an efficient operating regimen.
Furthermore, it is important to study the test plant for possible saving potential with respect to 
optimizing energy of the operating system. One option is a speed reduction of electrolyte pump. The 
danger here is that the electrolyte flow breaks down leading to thermal damage to the electrolysis cells. 
Such tests are carried out under loadings up to the maximum loading of 3000 A. The temperature of the 
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system is held constant at 75 °C. Each load setting is held for 30 minutes while the pump speed is 
adjusted to 25 %, 50 %, 75 %, and 100 % of maximum performance. During this test run, the pressure is 
also varied incrementally from 10 - 58 bar. Following are the planned experiments summarized in an 
experimental matrix depending on the variables:
ܷݏݐܽܿ݇/݈݈ܿ݁ = ݂
ۉ
ۈ
ۇ
ܫݐ݋ݐ݈ܽ,ܿ ߴ ݋݌,ܿ ݌ݐ݋ݐ݈ܽ,ܿ ݊݌,ݒ
ܫݐ݋ݐ݈ܽ,ܿ ߴ ݋݌,ܿ ݌ݐ݋ݐ݈ܽ,ݒ ݊݌,ܿ
ܫݐ݋ݐ݈ܽ,ܿ ߴ ݋݌,ݒ ݌ݐ݋ݐ݈ܽ,ܿ ݊݌,ܿ
ܫݐ݋ݐ݈ܽ,ݒ ߴ ݋݌,ܿ ݌ݐ݋ݐ݈ܽ,ܿ ݊݌,ܿی
ۋ
ۊ
The system will later be tested under the simulated loading of output from real wind turbines. The 
output profiles are provided by ENERTRAG AG in a data format compatible with the electrolysis system. 
These tests are of great importance because alkaline electrolyzers have thus far been run only under 
constant loads. But in order to take full advantage of the entire range of renewable energy output and 
convert that to hydrogen the electrolyzer has to be very dynamic and flexible and also be able to quickly 
react to changes in load. It is by all means possible that lasting damage to the activation of the electrodes 
and to the structure of the diaphragms could result from sharp loading gradients and other unforeseen 
factors. Figure 3 shows an example of a scaled down wind energy supply curve, of the electrical load 
range with a nominal capacity of 5 - 150 %.
Fig. 3. Electrical load range: 5 - 150 % of nominal capacity
4. Alkaline pressurized single cell test station
Currently under construction is a single cell test station that will supplement the investigation of 
pressurized electrolysis [8]. This is part of the joint initiative “Complex testing and optimization of the 
hydrogen production from fluctuating wind energy sources using high pressure alkaline electrolysis and 
storage of the product gas hydrogen”. System specifications, conceptual design, and boundary conditions 
for the planned investigations are to be developed and presented in the near future.
As can be seen in the figure 4, the single cell test station is built up in layers and has separate 
electrolyte feeds for the cathode (hydrogen) and anode (oxygen). The electrolyte flow is therefore 
homogenously introduced across the entire cell width in order to maintain an even flow across the 
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electrodes. This is of special interest for the optical investigation and the appraisal of the effect of bubble 
formation on the flow profile [9]. A glass window is integrated into the cover plate to enable the 
observation and investigation of bubble formation and dissolution and of bubble movement. It is thus 
possible to observe and analyze the alkaline electrolysis process across its entire length.
The single cell test station can be adjusted to enable a side-on view of the electrolysis process using an 
endoscopic camera. There are five possible positions for the camera and the associated lenses, allowing 
for the complete visualization and investigation of the entire process. The hydrogen and oxygen are 
removed separately and analyzed via a mass atmospheric spectrometer and then discharged into the 
environment.
The single cell test station is equipped with a special high-resolution sensor system for the analysis of 
the current density and temperature distributions at the electrodes. The measurement system utilizes a low 
resistance shunt-resistor for the current density measurement, by which all currents are simultaneously 
recorded. The chosen resolution of the current density measurements with 256 individual measurement 
locations as well as the temperature measurement at 64 points enable a detailed 2-D and 3-D
representation of the current density and temperature profiles across the electrode surface.
A further focus of the research is the material analysis near the electrodes as well as the membranes. 
The single cell test station was specifically developed so as to enable the speedy replacement of anode, 
cathode and membrane. The analysis of five various electrode combinations with appropriate choice of 
membrane is currently planned for.
Fig. 4. Front view of the alkaline single cell test station
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The planned single cell test station is designed to have variable parameters in order to satisfy the 
desired research of bubble and process observation [10], for the material analysis, and for the
determination of optimal membrane and electrode spacing:
Table 2. Key data of the single cell test station
Variable parameter Symbol Unit Minimum Maximum
Electrolyte concentration c wt% 20 40
Operating pressure p bar 1 30
Process temperature ࢡ °C 25 90
Current density i kA/m² 0 20
Load range ș % 0 500
Production capacity ȟ Nm³ H2/h 0,2 1
For the examination of bubbles and for the observation of the entire process, visualization is realized 
using the endoscopic camera. Because of small bubble size, a resolution of 1920 px and a frame rate 
between 50 and 70 fps is desired. The necessary optics are shown in Table 3:
Table 3. Investigation criterion vs. optical characteristics
Investigation criterion Unit Optical characteristic (pixel size)
Bubble evolution nm 100
Bubble dissolving process µm 1
Free bubble rise µm 10
5. Conclusion
The applicability of the pressurized electrolysis system is determined by such factors as intended use, 
its ability to handle intermittent loading, choice of materials, and parameters related to construction and 
processes. As part of process-related optimization, investigations are to be made regarding heat 
management, circulation, and performance under partial loading and overloading. Supplemental analysis 
regarding current density and temperature behavior is to be carried out at the single-cell test stand. This 
test stand also enables the observation of gas bubble movement with the cell.
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